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Abstract
The magnetic properties of Zn1−xCoxO (x = 0.07 and 0.10) thin films, which were homo-
epitaxially grown on a ZnO(0001) substrates with varying relatively high oxygen pressure, have
been investigated using x-ray magnetic circular dichroism (XMCD) at Co 2p core-level absorption
edge. The line shapes of the absorption spectra are the same in all the films and indicate that
the Co2+ ions substitute for the Zn sites. The magnetic-field and temperature dependences of
the XMCD intensity are consistent with the magnetization measurements, indicating that except
for Co there are no additional sources for the magnetic moment, and demonstrate the coexistence
of paramagnetic and ferromagnetic components in the homo-epitaxial Zn1−xCoxO thin films, in
contrast to the ferromagnetism in the hetero-epitaxial Zn1−xCoxO films studied previously. The
analysis of the XMCD intensities using the Curie-Weiss law reveals the presence of antiferromag-
netic interaction between the paramagnetic Co ions. Missing XMCD intensities and magnetization
signals indicate that most of Co ions are non-magnetic probably because they are strongly coupled
antiferromagnetically with each other. Annealing in a high vacuum reduces both the paramagnetic
and ferromagnetic signals. We attribute the reductions to thermal diffusion and aggregation of Co
ions with antiferromagnetic nanoclusters in Zn1−xCoxO.
PACS numbers: 75.50.Pp, 75.30.Hx, 78.70.Dm
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INTRODUCTION
Ferromagnetic diluted magnetic semiconductors (DMS’s) are key materials for future
“spin electronics” or “spintronics”, in which one manipulates both the spin and charge de-
grees of freedom of electrons, because interaction between the spins of host sp-band electrons
and the magnetic moments of doped magnetic ions enables us to control the spin degrees
of freedom of electrons [1, 2]. In fact, the ferromagnetism of the III-V DMS’s Ga1−xMnxAs
and In1−xMnxAs arises from carrier-mediated interaction between Mn spins [3], and new
functional devices utilizing both magnetism and electrical conductivity have been fabricated
based on these materials, e.g., spin-dependent circular light-emitting diodes [4] and field-
effect transistors controlling ferromagnetism [5]. New control methods of magnetization
have also been demonstrated, such as electrical manipulation of magnetization reversal [6]
and current-induced domain-wall switching [7]. For practical applications of such devices,
ferromagnetic DMS’s having Curie temperatures (TC’s) above room temperature are nec-
essary. Recently, oxide-based DMS’s have attracted much attention first motivated by the
theoretical predictions of high TC’s in wide-gap semiconductors [8, 9] followed by various
reports of ferromagnetism at room temperature [10].
Ever since the discovery of ferromagnetism in Zn1−xCoxO thin films [11], ZnO-based
DMS’s have been investigated intensively because the host material ZnO has potential for
optical applications due to the wide band gap of 3.4 eV and the large exciton energy of 60
meV. In particular, Zn1−xCoxO is one of the most investigated DMS’s, and there have been
many reports about the magnetic properties of Zn1−xCoxO. Schwartz and Gamelin [12] have
reported reversible switching of room-temperature ferromagnetism in Zn1−xCoxO by intro-
ducing and removing interstitial Zn defects. Reproducibly, exposure of Zn1−xCoxO thin film
to Zn vapor creates interstitial Zn defects and induces room-temperature ferromagnetism,
and annealing the thin film in air quenches the ferromagnetism due to elimination of the in-
terstitial Zn by oxidation. Neal et al. [13] have observed magnetic circular dichroism (MCD)
signals with open hysteresis loop at the ZnO band edge of Co-doped ZnO thin films at room
temperature, implying a splitting of the conduction band of ZnO through interaction with
the magnetic moments of the Co ions. These observations rule out Co-cluster segregations
or secondary phase formation as the origin of the ferromagnetism. In addition, there are
some reports about the observation of anomalous Hall effects in Zn1−xCoxO [14, 15], provid-
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ing experimental evidence for carrier-mediated ferromagnetism in Zn1−xCoxO. Because the
preparation of Zn1−xCoxO thin films has not been highly reproducible yet and secondary
phases, defects, and carriers likely affect the magnetic behavior of Zn1−xCoxO, systematic
measurements on well-defined Zn1−xCoxO thin films are necessary to understand the origin
of the ferromagnetism in Zn1−xCoxO.
Recently, Matsui and Tabata [16] have succeeded in homo-epitaxial growth of Co-doped
ZnO on a ZnO substrate. The homo-epitaxial growth has enabled us to obtain more re-
producible high-quality Zn1−xCoxO thin films, providing correlation between the growth
parameters and the physical properties. The magnetization measurements of the homo-
epitaxial Zn1−xCoxO thin films indicated that the spontaneous magnetization (Ms) depends
on electron-carrier concentration (n) controlled by oxygen pressure during deposition. In
the Zn1−xCoxO thin films, Ms increases with increasing n, consistent with the result of
anomalous Hall effect measurements [14, 15].
Since the ferromagnetism in Zn1−xCoxO has been debated between researchers using dif-
ferent techniques, element-specific magnetization measurements provide useful information
in order to address the magnetic properties of Zn1−xCoxO. X-ray magnetic circular dichro-
ism (XMCD) is one of the most powerful tools to investigate the magnetic properties of
materials. XMCD is defined as the difference between absorption spectra for different circu-
lar polarized x rays. In the previous XMCD measurements on a hetero-epitaxial Zn1−xCoxO
thin film grown on Al2O3(0001) substrates [17], we have concluded that the ferromagnetism
comes from Co ions substituting the Zn site in ZnO, and proposed that non-ferromagnetic
Co ions are strongly coupled antiferromagnetically with each other from the linear magnetic-
field (H) dependence and temperature (T ) independence of XMCD. Sati et al. [18] have
reported antiferromagnetic interaction in single crystalline Zn1−xCoxO thin films with low
Co concentration (x = 0.003− 0.005) from magnetic and EPR measurements. On the other
hand, there are some reports that the Co 3d electrons are not the origins of the ferromag-
netism [19] or that metallic Co atoms contribute to the ferromagnetism [20]. Since the
magnetic behavior of Zn1−xCoxO may be affected by extrinsic factors such as secondary
phases and defects, systematic XMCD measurements on well-defined Zn1−xCoxO thin films
will provide us with useful insight into the magnetism.
Recently, annealing effects on the ferromagnetism in Zn1−xCoxO have been discussed
in relation to oxygen vacancies and/or Zn interstitials [21, 22]. Annealing of Zn1−xCoxO
4
in reducing atmosphere such as in high vacuum, which may produce oxygen vacancies,
have been reported to enhance the ferromagnetism, while annealing in oxidizing atmosphere
such as air decreases the magnetic moments of Zn1−xCoxO [23–26]. In addition, we note
that ferromagnetism has been reported in some oxide thin films without magnetic ions
[27–29], probably due to defects such as oxygen vacancies. It is therefore important to
investigate annealing effects and/or the role of oxygen vacancies for the understanding of
the ferromagnetism in Zn1−xCoxO.
In the present work, we report on the results of H- and T -dependent XMCD measure-
ments on homo-epitaxial Zn1−xCoxO thin films which show coexisting paramagnetic and
ferromagnetic properties. Analysis using the Curie-Weiss law suggests that antiferromag-
netic correlation between the Co ions suppress the paramagnetic behavior. We have also
found that the XMCD intensity decreases by high-vacuum annealing. Based on the exper-
imental findings, a possible origin of the ferromagnetism in the Zn1−xCoxO thin films shall
be discussed.
EXPERIMENTAL
Zn1−xCoxO thin films were homo-epitaxially grown on Zn-terminated ZnO(0001) sub-
strates by the pulsed laser deposition technique with varying oxygen pressure (PO2) from
1 × 10−4 to 10−2 Pa. Four thin films were prepared: a x=0.07 film deposited at PO2=10
−4
Pa, and x=0.10 films deposited at PO2=10
−2, 10−3, and 10−4 Pa. During the deposition,
the substrate temperature was kept at 400 ◦C. The thickness of each film was 50− 150 nm.
X-ray diffraction confirmed that the thin films had the wurtzite structure and no secondary
phase was observed. The magnetization of those thin films was measured using a supercon-
ducting quantum interference device (SQUID) magnetometer (Quantum Design, Co. Ltd).
The present homo-epitaxial films are expected to have higher crystal quality [16] than the
hetero-epitaxial one studied in the previous XMCD measurements [17]. However, the homo-
epitaxial thin films have lower Ms than the hetero-epitaxial ones because of the high PO2
values [16].
X-ray absorption spectroscopy (XAS) and XMCD measurements were performed at the
helical undulator beam line BL23SU of SPring-8 [30, 31]. The monochromator resolution was
E/∆E>10, 000. Absorption spectra of right-handed (µ+) and left-handed (µ−) circularly
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polarized x rays were obtained by reversing photon helicity at each photon energy in the
total-electron-yield mode. The µ+ and µ− spectra were averaged between spectra for the
positive and negative applied magnetic fields so as to eliminate spurious signals. The degree
of circular polarization of x-rays was over 90 %. External magnetic fields were applied
perpendicular to the sample surface. Circularly-polarized x-ray absorption spectra under
each experimental conditions have been normalized to the maximum height of the Co 2p
XAS [(µ+ + µ−)/2] spectrum. Backgrounds of the XAS spectra at the Co 2p edge were
assumed to be hyperbolic tangent functions. Annealing of the PO2=10
−2 Pa sample was
performed at 700 ◦C and ∼10−7 Pa for 5 min. For surface cleaning, Ar+ ion sputtering and
subsequent 250 ◦C annealing (well below the deposition temperatures) were performed in a
high vacuum of 10−7 Pa.
RESULTS AND DISCUSSION
Figure 1 shows the magnetic-field (H) and temperature (T ) dependences of the mag-
netization (M) measured using a SQUID magnetometer. Although the raw magnetization
data decreases with H due to the diamagnetic contribution from the substrate as shown in
the inset of Fig. 1(a), there are small but finite ferromagnetic signals. By subtracting the
linear component at high magnetic fields from the raw data, the ferromagnetic hysteresis
loops have been extracted at 10 and 300 K, as shown in the main panel of Fig. 1(a). The
hysteresis loop at 300 K implies that TC of the ferromagneitc component is above room
temperature. Here, the coercive fields are found to be 100-200 Oe. The Ms of the films was
of the order of 10−2 µB/Co, indicating that less than 1 % of the Co ions participate in the
ferromagnetism if the Co ions is in the high spin Co2+ state. The Ms slightly decreases with
increasing temperature. The Ms’s of the present homo-epitaxial films are as small as 5− 10
% of that of the previous hetero-epitaxial one because of the high PO2, although the present
Zn1−xCoxO thin film has higher crystal quality than the previous one. Assuming that the
diamagnetic and ferromagnetic responses hardly change with temperature, the paramagnetic
susceptibilities have been obtained by subtracting the slopes of the M-H curves taken at
different T ’s, as shown in Fig. 1(b). One can see that the paramagnetic signals increase with
decreasing T in the low T region. The observations thus suggest the presence of both the
paramagnetic and ferromagnetic components in the present Zn1−xCoxO thin films.
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Figure 2 shows the Co 2p XAS and XMCD spectra of the samples measured at H = 7.0
T and T = 20 K. The XAS and XMCD spectra have been normalized to the positive and
negative peak heights, respectively. We have observed clear XMCD signals for all the thin
films. As shown in Fig. 2(a), the line shapes of the XAS and XMCD spectra are identical
between these films, suggesting that the doped Co ions have almost the same electronic
structure. The XAS and XMCD spectra are compared with these of the previous report on
the hetero-epitaxial Zn1−xCoxO thin film and the cluster-model calculation for the Co
2+ ion
under tetrahedral crystal field [17], as shown in Fig. 2(b). The line shapes of the XAS and
XMCD spectra well agree with these of the previous ones and are similar to those of the
calculation for the Co2+ ion tetrahedrally coordinated by oxygen atoms, indicating that the
Co ions substitute for the Zn sites.
In order to understand the magnetic properties of the present Zn1−xCoxO thin films,
we have studied the H and T dependences of the XMCD spectra. Figure 3 shows the H
dependence of the XMCD spectra of the Zn0.9Co0.1O thin film deposited at PO2=10
−3 Pa.
The line shape of the XMCD spectrum is unchanged with the strength of applied magnetic
field, as shown in the inset of Fig. 3(a). The total magnetization Mtot = Mspin + Morb
estimated from the XMCD sum rules of these thin films are plotted as a function of H in
Fig. 3(b). Here, Mspin and Morb are spin and orbital magnetic moments, respectively. In all
the films, Mtot linearly increases with H , and Ms obtained by extrapolating Mtot to H =
0 (MXMCDs ) is very small, quaritatively consistent with the magnetization measurements.
The observations suggest that in the present Zn1−xCoxO films the paramagnetic signals are
predominant compared with the ferromagnetic ones unlike the previous sample [17]. Figure 4
shows the T dependence of the XMCD spectra of the Zn0.9Co0.1O thin film deposited at
PO2=10
−3 Pa. The line shapes of the XMCD spectra were independent of temperature
although the XMCD intensity decreased with increasing T . TheMXMCDs ’s of all the samples
as a function of T are summarized in Fig. 4(b).
Although the XMCD intensities were different between these films, all the XMCD spectra
of the thin films showed similarH and T dependences. According to the relationship between
the Ms and n of the homo-epitaxial Zn1−xCoxO thin films [16], the effective n’s of all the
samples studied here are estimated to be less than 1018 cm−3. The observations that the
XMCD intensity increases and decreases with increasing H and T , respectively, indicate a
Curie-Weiss paramagnetic behavior, in spite of almost the same electronic structure of the
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Co ions as that of the ferromagnetic hetero-epitaxial Zn1−xCoxO thin film [see Fig. 2(b)],
which did not show a Curie-Weiss paramagnetic component. The results imply that although
the Co ions substitute for the Zn sites, the Co ions become paramagnetic or ferromagnetic
in Zn1−xCoxO depending on n and the crystallinity. Considering that Co 2p XMCD reflects
only the local electronic states of the Co ion, it is likely that the different magnetic responses
of the Zn1−xCoxO films are originated from different nearest and next-nearest neighbor
interaction with neighboring cations, defects, and/or carrier concentration. We shall discuss
about the differences in the magnetic properties below.
Let us quantitatively discuss the paramagnetic behavior of the Co ions by applying XMCD
sum rules to the spectra [32, 33]. The H and T dependences of Mtot have been fitted to the
formula
〈Mtot〉 =
CH
T − θ
+Ms, (1)
where C is the Curie constant and θ is the Weiss temperature. The second term Ms in
Eq. (1) is contributions from the ferromagnetic component. Results of the fit are shown in
Figs. 3(b) and 4(b), indicating that Eq. (1) well reproduces both theH and T dependences of
Mtot. The fitted parameters are listed in Table I. It should be noted that the obtained Ms’s
well agree with those deduced from the magnetization measurements as shown in Table I,
providing experimental evidence that we have probed the intrinsic bulk magnetic properties
of the Zn1−xCoxO thin films. In addition, the agreement suggests that magnetic moment of
the substituted Co ions is predominant source of the ferromagnetic responses of the samples
expected to be in the low n region. The C values estimated from the Curie-Weiss fit are
close to that of the free Co2+ ion with quenched orbital moment of ∼3.36 µBK/T, except
for the PO2=10
−2 Pa thin film. The Weiss temperature θ of all the samples are negative,
consistent with the report of antiferromagnetic interaction in paramagnetic Zn1−xCoxO thin
films [18].
In order to see the effects of vacuum annealing on the electronic and magnetic properties
of the Co ion, we have measured the Co 2p XMCD spectra of the PO2=10
−2 Pa film after
vacuum annealing, too. Figure 5(a) shows the Co 2p3/2 XAS and XMCD spectra of the
PO2=10
−2 Pa film before and after the annealing. The line shapes of the XAS and XMCD
spectra are almost identical before and after the annealing, indicating that the local elec-
tronic structure of the Co ion remained unchanged by the annealing. However, the XMCD
intensity of the annealed sample becomes about half of the value of the as-grown one. The
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Ms of the annealed film has been estimated by fitting of the H dependence of the Mtot to a
linear function
〈Mtot〉 = χH +Ms, (2)
as shown in Fig. 5(b), and the results of the fitting are listed in Table II. The slopes of the
Mtot versus H curve, namely, the susceptibility χ became half of the as-grown sample by
the annealing. The value of Ms of 1.0 ± 0.8 × 10
−2 µB/Co became also somewhat smaller
than that of the as-grown one. The observations indicate that both the paramagnetic and
ferromagnetic components were suppressed by the annealing, in contrast to the reports on
high-vacuum annealing on Zn1−xCoxO thin films that the ferromagnetism of Zn1−xCoxO
thin films increased after annealing in a high vacuum [23, 24, 26]. The agreement of Ms
between the XMCD and SQUID measurements implies that the substituted Co ions are also
predominantly responsible for the ferromagnetism even after the annealing process. Figure 6
shows the PO2 dependences of Ms and n in the homo-epitaxial Zn1−xCoxO thin films [16].
The Ms increases with increasing n in both the O- and Zn-polar Zn1−xCoxO. Taking into
account the correlation between Ms and n that the increase in n increases Ms as show in
Fig. 6, we conclude that the annealing hardly created enough oxygen vacancies in the thin
film and n of the film remained less than 10−19 cm−3 [14–16] and that the suppressions of the
paramagnetic and ferromagnetic magnetizations by the annealing are not originated from
defect formation nor carrier doping.
Let us then discuss the effects of annealing on the magnetic properties of Zn1−xCoxO
by considering the antiferromagnetic interaction between the Co ions. Recently, Dietl et
al. [34] have observed that the blocking temperature of Zn1−xCoxO thin films, which show
both ferromagnetism and paramagnetism, reaches room temperature, and have proposed
that the ferromagnetism of Zn1−xCoxO results from antiferromagnetic nanoclusters of Co-
rich wurtzite (Zn,Co)O created by spinodal decomposition, similar to the ferromagnetism in
NiO nanoparticles [35, 36]. In this model, the finite moments are originated from uncompen-
sated spins on the surfaces of the nanoclusters and the average moments shall decrease with
increasing nanocrystal size. Similarly, for bulk Zn1−xCoxO, it has been reported that the
dominant interaction between the Co ions is antiferromagnetic and the magnetic propertiy
can be explained by asuuming the existence of antiferromagnetic Co clusters [37]. Based on
the above picture, the annealing effects may be understood as thermal diffusion and aggre-
gation of isolated paramagnetic Co ions into antiferromagnetic nanoclusters, as follows. In
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the as-grown sample, there exist isolated Co ions and a small number of nanoclusters, which
contribute to the Curie-Weiss paramagnetism and the weakly ferromagnetic antiferromag-
netism, respectively. If the Co ions tend to aggregate in ZnO, thermal diffusion of Co ions
by the annealing may lead the decrease of the number of isolated Co ions and the growth of
the size of nanoclusters, suppressing the paramagnetic and ferromagnetic responses, respec-
tively. Figure 7 shows schematic images of the Co-ion distribution in Zn1−xCoxO. According
to this picture, in the ferromagnetic hetero-epitaxial Zn1−xCoxO thin film previously mea-
sured by XMCD [17], there were possibly few paramagnetic isolated Co ions while there
were smaller nanoclusters than the present homo-epitaxial films [see Fig. 7(c)]. Because the
present homo-epitaxial films are expected to have higher crystal quality than the previous
hetero-epitaxial ones, the nanocluster formation (or the aggregation of the Co ions) may be
prevented compared to the hetero-epitaxial Zn1−xCoxO film. Since the annealing suppresses
the magnetization and the n is probably unchanged by the annealing, the suppression is
attributed not to be originated from the mechanisms related to oxygen vacancy such as
bound magnetic polaron [38] and donor impurity band exchange [39].
It should be noted that the model based on the spinodal decomposition cannot explain
the carrier-related ferromagnetic properties of Zn1−xCoxO such as the anomalous Hall effects
[14, 15]. It is possible that there are two origins of ferromagnetism in Zn1−xCoxO, that is,
the formation of antiferromagnetic Co-rich wurtzite (Zn,Co)O nanoclusters and the electron
carrier-mediated ferromagnetic interaction. In typical ferromagnetic DMS Ga1−xMnxAs,
the origin of ferromagnetism is considered to be due to p-d exchange interaction for high
carrier concentration and formation of bound magnetic polarons for low carrier concentra-
tion. Considering that the value of Ms of Zn1−xCoxO (< 2 µB/Co) is smaller than the full
moment of Co2+ (3 µB/Co), the antiferromagnetic interaction between neighboring Co ions
and the carrier-mediated ferromagnetic interaction between distant Co ions may simultane-
ously affect the magnetic properties of Zn1−xCoxO. Based on the correlation between Ms
and n shown in Fig. 6, it is probable that in Zn1−xCoxO, the spinodal decomposition is
predominant in low n region (n . 1019 cm−3), while carrier-induced ferromagnetic interac-
tion is predominant rather than the antiferromagnetic interaction in high n region (n & 1019
cm−3). It follows that electron carrier-induced ferromagnetism in Zn1−xCoxO possibly needs
a highly crystallized Zn1−xCoxO thin film with high electron carrier concentration n & 10
19
cm−3.
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CONCLUSION
We have performed XMCD measurements on homo-epitaxial Zn1−xCoxO thin films which
were prepared with various relatively high oxygen pressures and showed both ferromagnetic
and paramagnetic behaviors. The line shapes of the Co 2p XAS and XMCD spectra are
the same in all the samples, and indicate that the Co ions substitute for the Zn sites. The
H and T dependences of Co 2p XMCD suggest that paramagnetic behavior is dominant in
the samples. Analyses using the Curie-Weiss law have revealed that the Curie constant of
the samples are close to the value of Co2+ and the Weiss temperature are negative, indicat-
ing that the paramagnetic Co2+ ions interact antiferromagnetically with each other. The
saturation magnetizations estimated using the XMCD sum rules were almost the same as
the magnetization measurements, suggesting that the ferromagnetic responses of the thin
films are predominantly caused by magnetic moment of the doped Co ions and confirm-
ing that we have probed the bulk magnetic properties. The paramagnetic susceptibility
and saturation magnetization decreased by high-vacuum annealing. The suppression of the
paramagnetism by annealing can be explained by thermal diffusion and aggregation of Co
ions leading to spinodal decomposition and the antiferromagnetic interaction between the
Co ions. Therefore, we propose that the formation of Co-rich nanoclusters coexists and/or
competes with carrier-mediated ferromagnetic interaction in Zn1−xCoxO depending on elec-
tron carrier concentration. Further systematic XMCD measurements on Zn1−xCoxO with
controlled electron-carrier and/or oxygen-vacancy concentrations will provide us with un-
derstandings of the carrier-induced ferromagnetism in Zn1−xCoxO.
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TABLE I: Results of the Curie-Weiss analysis for the XMCD spectra of the Zn1−xCoxO thin films.
Here, C is the Curie constant, θ is the Weiss temperature, MXMCDs and M
SQUID
s are the saturation
magnetizations estimated from the XMCD sum rules and measured by the SQUID, respectively.
Samples C (µBK/T) θ (K) M
XMCD
s (10
−2µB/Co) M
SQUID
s (10−2µB/Co)
x=0.07 PO2=10
−4 Pa 3.8± 0.5 −37.17 ± 5 0.27 ± 2.0 -
x=0.10 PO2=10
−2 Pa 1.9± 0.5 −12.3± 5 3.4± 0.8 2.5 ± 0.3
PO2=10
−3 Pa 3.0± 0.5 −37.0± 5 1.6± 0.8 1.4 ± 0.3
PO2=10
−4 Pa 3.8± 0.5 −8.7± 5 1.7± 0.8 -
TABLE II: Results of the Curie-Weiss analysis for the XMCD spectra of the as-grown and annealed
Zn0.9Co0.1O thin films deposited at PO2 = 10
−2 Pa. Here, χ is the paramagnetic susceptibility.
χ (µB/Co T) M
XMCD
s (10
−2µB/Co) M
SQUID
s (10−2µB/Co)
As-grown 0.059 3.4 ± 0.8 2.5± 0.3
Annealed 0.031 1.0 ± 0.8 1.7± 0.3
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FIG. 1: (Color online) Magnetic properties of Zn0.9Co0.1O thin films measured by a SQUID mag-
netometer. (a) Magnetic-field (H) dependence of the magnetization. The H-linear components
deduced from high H data have been subtracted. The inset shows raw data containing the diamag-
netic signals from the substrates. (b) Temperature (T ) dependence of the paramagnetic component
of the magnetization represented in the form of magnetic susceptibility, where the T -independent
component deduced from high-T data have been subtracted.
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FIG. 2: (Color online) Co 2p core-level absorption spectra of Zn1−xCoxO thin films measured at
H = 7.0 T and T = 20 K. (a) Comparison of the XAS (upper) and XMCD (lower) spectra between
the samples measured at H = 7.0 T and T = 20 K. (b) Comparison of the line shapes of the
present spectra with that of the ferromagnetic sample and the calculated spectrum reported in the
previous study [17]. All the XAS and XMCD spectra have been normalized to the positive and
negative peak heights, respectively. The insets show expanded plots at the Co 2p3/2 edge.
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FIG. 3: (Color online) Magnetic-field dependence of the XMCD spectra of Zn1−xCoxO thin films.
(a) XMCD spectra of the x = 0.10, PO2 = 10
−3 sample at T = 20 K and at various magnetic fields.
The inset shows the XMCD spectra normalized to the negative peak height at hν = 778.5 eV. (b)
H dependence of the total magnetization (Mtot) estimated using the XMCD sum rules at T = 20
K. Solid curves are the results of fitting to the Curie-Weiss law, CH/(T − θ) +Ms.
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FIG. 4: (Color online) Temperature dependence of the XMCD spectra of Zn1−xCoxO thin films.
(a) XMCD spectra of the x = 0.10, PO2=10
−3 Pa sample atH = 4.5 T and at various temperatures.
(b) T dependence of the total magnetic moment Mtot estimated using the XMCD sum rules at
H = 4.5 T. Solid curves are the results of fitting to the Curie-Weiss law, C ′H/(T − θ) +M ′s.
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FIG. 5: (Color online) Annealing effects on the XMCD spectra of the Zn0.9Co0.1O thin film de-
posited at PO2 = 10
−2 Pa. (a) Comparison of the H dependent XMCD spectra between the
as-grown and annealed samples. (b) H dependence of the magnetization of the same samples de-
duced from the XMCD spectra. The H dependences have been fitted to linear functions χH+Ms.
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FIG. 6: (Color online) PO2 dependences of saturation magnetization Ms and carrier concentration
n in homo-epitaxial Zn1−xCoxO thin films. The values of O- and Zn-polar Zn1−xCoxO are taken
from Ref. [16]. Here, all the experimental values of the present study are plotted based on Ms and
PO2.
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FIG. 7: (Color online) Schematic drawings of Co-ion distribution in Zn1−xCoxO. (a), (b) Co
distribution of the as-grown and annealed homo-epitaxial Zn1−xCoxO thin films, respectively. (c)
Hetero-epitaxial Zn1−xCoxO thin film.
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